




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































%	Black	or	African	American	 65.9	 40.9	 15.3	 3.2	 4.1	 82.5	 44.5	 14.5	 92.7	 7.2	 16.1	 62.3	
%	Hispanic	or	Latino	 7.3	 5.5	 4.6	 8.6	 3.5	 7.3	 14.5	 1.1	 0.3	 16.6	 12.6	 13.2	
%	Non-Hispanic	white	 24.4	 49.8	 76.1	 87.5	 87.3	 8.7	 38.4	 56.0	 5.8	 75.3	 67.7	 33.0	
%	Persons	in	Poverty	 36.8	 24.8	 23.7	 7.2	 28.6	 39.8	 27.1	 48.5	 47.6	 19.5	 28.6	 39.4	
Baseline	Incidence	Rates1	 	
Crude	mortality1	 1024.8	 985.4	 902.5	 1153.5	 822.5	 1047.7	 	 666.6	 1456.2	 1056.0	 	 	
































































































































































































































































3889,; = <9,;	×	8>;	 	 	 	 	 	 	 	 	 		(2.3)	
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Outcome	(age	group)	 (cases	per	year)	 (%)	 (per	100,000)	
All-cause	premature	mortality	(>29	years,	HIF)	 190	(130-260)	 1.16	 10.48	
All-cause	premature	mortality	(>29	years,	PAF)	 190	(120-240)	 1.13	 10.22	
Cause-specific	mortality	(>24	years,	PAF)2	 230	 3.55	 12.61	
Infant	mortality	(<1	year)	 2	(0-3)	 0.77	 0.09	
Minor	restricted	activity	days	(18-64	years)	 37,000	(15,000-58,000)	 0.44	 2,040	
Asthma	exacerbations	(6-18	years)3	 28,000	(-34,000-76,000)	 2.49	 12,639	
Work	loss	days	(18-64	years)	 21,000	(17,000-24,000)	 0.92	 1,148	
Asthma	emergency	department	visit	(>	1	year)3	 190	(49-323)	 1.11	 86.42	
Non-fatal	MI	(≥	18	years)	 160	(29-260)	 4.93	 8.92	
CV	hospitalization	(≥	20years)	 84	(56-110)	 0.30	 4.71	
Pneumonia	hospitalization	(>64	years)	 26	(4-47)	 0.79	 1.45	
COPD	hospitalization	(≥20	years)	 25	(15-36)	 0.40	 1.42	












Baseline	Rate	Source	 (per	100,000)	 (years	per	100,000)	 (1000$	per	100,000)	
National	 8.6	 124.0	 83,000	
Wayne	County	(including	Detroit)		 10.5	 163.6	 101,000	
















































































































































































































































































































































































































































































































Rural	 NO2,	PM10,	PM2.5	 Mortality	 Cases	
Adamkiewicz	et	al.	2015	 BOD	 Urban	 PM10	(TRAP)	 Mortality,	morbidity	 DALYs	
Jakubiak-Lasocka	et	al.	














Chalbot	et	al.	2014	 BOD	 Urban	 Traffic-related	noise,	PM2.5	
CVD	and	respiratory	
mortality	 Cases	





Hänninen	et	al.	2014	 BOD	 National	 O3,	PM2.5	 Mortality	 DALYs	
Riojas-Rodríguez	et	al.	2014	 Policy	assessment	 Urban	 PM10,	O33	
Mortality,	unscheduled	
hospitalizations	 Cases	
Cárdaba	Arranz	et	al.	2014	 BOD	 Urban	 PM10,	PM2.5,	O3	 Mortality	 Cases	
Chang	et	al.	2014	 BOD	 Urban	 O3	 ED	visits	for	asthma	 Cases	
Thompson	et	al.	2014	 BOD	 Urban	 PM2.5,	O3	 Mortality	 Cases	










Chanel	et	al.	2014	 Policy	assessment	 National	 SO2	 Mortality	
Cases,	monetized	
impacts	






















Study	 Scope	 Scale	 Exposures	 Outcomes	included	 Metrics	Used	
Heal	et	al.	2013	 BOD	 National	 O3	
Mortality,	unscheduled	
hospitalizations	 Cases	
Kheirbek	et	al.	2013	 BOD	 Urban	 PM2.5,	O3	
Mortality,	unscheduled	
hospitalizations	 Cases	





Yang	and	Kao,	2013	 Policy	assessment	 National	 PM2.5	 Mortality	 Cases	
Flachs	et	al.	2013	 BOD	 National	 PM2.5	 Mortality	
Cases,	YLL,	
monetized	impacts	










Dias	et	al.	2012	 BOD	 National	 PM10	 Mortality	 Cases	











Rojas-Rueda	et	al.	2012	 Policy	assessment	 Urban	 PM2.5	 Mortality	 Cases	







national	 PM10	 Mortality	(short	term)	 Cases	
Rojas-Rueda	et	al.	2011	 Policy	assessment	 Urban	 PM2.5	 Mortality	 Cases	
Boldo	et	al.	2011	 BOD	 National	 PM2.5	 Mortality	 Cases	











2	 All-Cause	 COPD	 LC	 IHD	 Stroke	 PN	 COPD	 Asthma	 CV	 ED	Visit	
Non-























10,000)	 	 	 	
<1	 22758	 	 887.6	 	 	 	 	 	 	 	 	 	 	 	 	 	
1	to	4	 93080	 9960	 	 	 	 	 	 	 	 	 	 20.8	 	 	 	 	
5	to	9	 118597	 12690	 	 	 	 	 	 	 	 	 	 9.5	 	 0.076	 	 	
10	to	14	 125987	 13481	 	 	 	 	 	 	 	 	 	 9.5	 	 0.076	 	 	
15	to	17	 128014	 13697	 	 	 	 	 	 	 	 	 33.7	 6.5	 	 0.076	 	 	
18	to	24	 131027	 16902	 	 	 	 	 	 	 2.6	 17.2	 33.7	 9.1	 1.86	 	 0.0054	 0.02137	
25	to	29	 109571	 14135	 56.58	 0.1	 0.2	 1.4	 0.9	 	 2.6	 17.2	 33.7	 8.2	 1.86	 	 0.00678	 0.02137	
30	to	34	 109197	 14086	 82.42	 0.1	 0.6	 3.5	 1.7	 	 2.6	 17.2	 33.7	 8.2	 1.86	 	 0.00678	 0.02137	
35	to	39	 108669	 14018	 122.39	 0.4	 1.3	 15.64	 3	 	 2.6	 17.2	 33.7	 6.9	 1.86	 	 0.00678	 0.02137	
40	to	44	 122813	 15843	 222.29	 1.3	 4.4	 33.38	 5.4	 	 2.6	 17.2	 198.5	 6.9	 1.86	 	 0.00678	 0.02137	
45	to	49	 124210	 16023	 327.67	 4.2	 13.69	 58.77	 9.66	 	 51.6	 37.6	 198.5	 6.9	 24.9	 	 0.00492	 0.02137	
50	to	54	 132771	 17127	 603.29	 9.79	 55.74	 119	 21.84	 	 51.6	 37.6	 198.5	 6.9	 24.9	 	 0.00492	 0.02137	
55	to	59	 125525	 16193	 975.9	 19.92	 105.95	 262.1	 36.65	 	 51.6	 37.6	 198.5	 6.9	 24.9	 	 0.00492	 0.02137	
60	to	64	 103861	 13398	 1411.5	 48.14	 153.09	 360.1	 48.14	 	 51.6	 37.6	 689.7	 6.9	 24.9	 	 0.00492	 0.02137	
65	to	69	 74641	 9629	 1889.04	 92.44	 214.36	 484.99	 62.97	 138.7	 157.1	 	 689.7	 4.0	 81.3	 	 	 	
70	to	74	 51462	 6639	 2827.33	 194.32	 299.25	 623.76	 124.36	 138.7	 157.1	 	 689.7	 4.0	 81.3	 	 	 	
75	to	79	 39937	 5152	 4146.53	 315.5	 393.63	 833.81	 237.87	 138.7	 157.1	 	 689.7	 4.0	 81.3	 	 	 	
80	to	84	 34075	 4396	 6761.56	 410.86	 466.62	 1461.48	 369.77	 138.7	 157.1	 	 689.7	 4.0	 81.3	 	 	 	











Outcome	(age	group)	 β	 SE	 Source	
Premature	Mortality	 	 	 	
All-cause	(>29	years)	 0.005827	 0.000963	 Krewski	et	al.	2009	
All-cause	(>24	years)	 0.014842	 0.00417	 Laden	et	al.	2006	
All-cause	infant	(<1	year)	 	 0.003922	 0.001221	 Woodruff	et	al.	1997	
Trachea,	bronchus	and	lung	cancer	(≥	25	years)	 IER	 	 Burnett	et	al.	2014	
Ischemic	heart	disease	(≥	25	years)	 IER	 	 Burnett	et	al.	2014	
Cerebrovascular	disease	(≥	25	years)	 IER	 	 Burnett	et	al.	2014	



















Asthma-related	emergency	department	visits	(all	ages)	 0.0056	 0.0021	 Mar	et	al.	2010	




Work	loss	days	(18-64	years)	 0.0046	 0.00036	 Ostro,	1987	









	 Duration		 	 	
Outcome	 (years)	 DW	 Sources	
Premature	mortality	 YLL	 1	 MDCH,	2015	
Pneumonia	hospitalization	 0.014	 0.64	 CDC,	2012;	de	Hollander	et	al.	1999	
COPD	hospitalization	 0.012	 0.64	 CDC,	2012;	de	Hollander	et	al.	1999	
Asthma	hospitalization	 0.009	 0.64	 CDC,	2012;	de	Hollander	et	al.	1999	
Cardiovascular	hospitalization	 0.0126	 0.71	 CDC,	2012;	de	Hollander	et	al.	1999	
Asthma-related	ED	visits	 0.0027	 0.51	 de	Hollander	et	al.	1999	
Non-fatal	myocardial	infarction		 0.015	 0.42	 CDC,	2012;	de	Hollander	et	al.	1999	
Asthma	exacerbations	 0.005	 0.22	 de	Hollander	et	al.	1999		
Work	loss	days	 0.092	 0.0027	 Murray,	1994;	Ostro,	1987	











































































































































Total6	 	 	 	 	 3100	(2000,	4200)	 	
1,900,000	
(1,200,000,	2,500,000)	 	
1	95%	confidence	interval	in	parentheses.		 	 	 	 	 	 2	Metrics	have	been	rounded	to	the	nearest	number	with	two	significant	digits.	
3	DALYs	are	YLL	for	mortality	outcomes	and	YLD	for	morbidity	outcomes	 	 	 4	Monetized	impacts	are	calculated	using	2010$	projected	to	a	2020	income	level.		


















year)	 (%)	 (per	100,000)	 (years)	
(1000$	per	
year)	
Ischemic	heart	disease	 170	 4.61	 9.45	 3000	 1,600,000	
Stroke	 23	 2.95	 1.31	 390	 220,000	
Lung,	bronchus	and	trachea	cancer	 21	 1.80	 1.15	 360	 200,000	
Chronic	obstructive	pulmonary	
disease	 13	 1.67	 0.71	 160	 120,000	
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Pollutant	 Source	 Mean	(SD)	 Min	 25th	 Median	 75th	 95th	 Max	
PM2.5	(µg/m3)	 Regional	 8.3	(4.5)	 1.5	 5.2	 6.8	 11.3	 14.5	 29.5	
	 Point	 0.5	(0.9)	 0.0	 0.1	 0.3	 0.6	 1.4	 75.7	
	 Mobile	 0.6	(0.5)	 0.0	 0.3	 0.4	 0.7	 1.6	 12.7	
	 Area	 1.8	(2.8)	 0.0	 0.2	 1.0	 2.2	 6.3	 29.4	
	 Total	 10.7	(5.4)	 2.0	 6.5	 9.9	 13.5	 19.7	 82.4	
DPM	(µg/m3)	 Mobile	 0.5	(0.6)	 0.0	 0.2	 0.4	 0.6	 1.5	 12.3	
O3	(ppb)	 Regional	 38.3	(13.7)	 6.8	 28.2	 36.4	 46.9	 63.4	 103.8	
SO2	(ppb)	 Point	 1.1	(1.4)	 0.0	 0.1	 0.5	 1.6	 4.0	 19.4	
NO2	(ppb)	 Regional	 10.9	(5.1)	 2.6	 7.7	 9.7	 12.9	 23.0	 30.2	
	 Point	 1.4	(1.1)	 0.0	 0.5	 1.1	 1.9	 3.5	 17.0	
	 Mobile	 10.2	(9.0)	 0.0	 4.3	 7.6	 13.0	 27.1	 191.9	
	 Area	 1.7	(3.0)	 0.0	 0.0	 0.0	 2.6	 8.8	 17.2	

















incidence1	 Total	(%2)	 Regional	 Point	 Mobile	 Area	 PM2.5	 O3	 SO2	 NO2	
Mortality	(cases)	
All-cause	(>29)	 9,400	 520	(5.5)	 420	 24	 27	 84	 100	 0	 0	 0	
Non-accidental	(>29)	 8,800	 140	(1.5)	 140	 0	 0	 0	 0	 100	 0	 0	
Infant	(<1)	 200	 6	(4.0)	 5	 0	 0	 1	 100	 0	 0	 0	
Hospitalizations	(cases)	
Asthma	(<65)	 3,200	 210	(6.7)	 140	 17	 46	 16	 51	 0	 3	 46	
COPD	(>65)	 1,900	 419	(22.4)	 330	 48	 40	 12	 5	 62	 10	 23	
CVD	(>65)	 9,800	 160	(1.6)	 130	 7	 8	 8	 100	 0	 0	 0	
Pneumonia	(>65)	 1,500	 250	(17.3)	 240	 3	 3	 3	 23	 77	 0	 0	
Non-fatal	MI	(>17)	 2,600	 60	(2.3)	 48	 3	 3	 3	 100	 0	 0	 0	
Asthma	outcomes	(cases)	
Asthma	ED	visit	(<18)	 9,000	 3,300	(36.7)	 2600	 160	 450	 120	 15	 51	 2	 31	
Day	w/	cough	(6	–	14)	 1,700,000	 210,000	(12.5)	 170,000	 10,000	 11,000	 9,500	 100	 0	 0	 0	
Day	w/	wheeze	(6	–	14)	 1,100,000	 17,000	(1.6)	 13,000	 780	 820	 740	 100	 0	 0	 0	
Day	w/	SoB	(6	–	14)	 1,000,000	 21,000	(2.1)	 17,000	 1,000	 1,000	 940	 100	 0	 0	 0	
2+	symptoms	(6	–	14)	 2,000,000	 180,000	(8.6)	 110,000	 12,000	 45,000	 9,600	 0	 34	 3	 64	
Restricted	days	
MRAD	(18	–	64)	 4,600,000	 760,000	(16.7)	 700,000	 16,000	 18,000	 18,000	 44	 56	 0	 0	
WLD	(18	–	64)	 1,300,000	 59,000	(4.7)	 47,000	 2,800	 3,000	 3,100	 100	 0	 0	 0	
MSD	(6	–	14)	 2,700,000	 570,000	(21.3)	 570,000	 0	 0	 0	 0	 100	 0	 0	
Total	DALYs	(years)	 	 10,000	 8,100	 470	 560	 1,600	 97	 1	 0.06	 1.3	
Monetized	impact	













	 	 Annual	average	exposures2	 Annual	health	impact	risk	
Pollutant	 Source	 All	blocks	 ZIP	codes	 NA	area3	 All	blocks	 ZIP	codes	 NA	area3	
PM2.5	 Regional4	 —	 —	 —	 0.041	 0.022	(46)	 0.038	(7)	
	 Point	 0.101	 0.139	(-37)	 0.107	(-5)	 0.126	 0.154	(-22)	 0.157	(-25)	
	 Mobile	 0.079	 0.057	(29)	 0.128	(-61)	 0.126	 0.084	(34)	 0.153	(-21)	
	 Area	 0.070	 0.019	(73)	 0.082	(-18)	 0.113	 0.045	(60)	 0.111	(1)	
	 Total	 0.003	 0.001	(62)	 0.003	(-13)	 0.045	 0.023	(49)	 0.041	(8)	
O3	 Regional4	 —	 —	 —	 0.040	 0.023	(43)	 0.038	(4)	
SO2	 Point	 0.064	 0.055	(13)	 0.043	(33)	 0.155	 0.075	(51)	 0.116	(25)	
NO2	 Regional4	 —	 —	 —	 0.133	 0.038	(72)	 0.096	(28)	
	 Point	 0.034	 0.027	(23)	 0.042	(-21)	 0.159	 0.057	(64)	 0.140	(12)	
	 Mobile	 0.084	 0.055	(34)	 0.126	(-50)	 0.191	 0.072	(62)	 0.203	(-7)	
	 Area	 0.130	 0.101	(22)	 0.163	(-26)	 0.245	 0.141	(43)	 0.225	(8)	














Pollutant	 Source	 %	non-white	 %	Latino	 %	less	than	HS	 Median	income	%	HH	in	poverty	 %	POC	 %	FB	
All	census	blocks	
PM2.5	 Regional	 -6.7	 3.0	 -1.0	 -4.1	 -1.2	 -6.4	 6.5	
	 Point	 5.4	 -11.7	 -8.2	 -3.1	 -0.2	 3.8	 -5.7	
	 Mobile	 -6.6	 0.8	 -4.6	 -8.7	 -5.5	 -6.8	 6.1	
	 Area	 -7.6	 4.0	 0.4	 -4.5	 -1.8	 -7.0	 7.9	
	 Total	 -6.3	 2.4	 -1.3	 -4.4	 -1.5	 -6.1	 6.1	
O3	 Regional	 -6.2	 3.0	 -0.6	 -3.4	 -0.5	 -5.9	 6.1	
SO2	 Point	 8.1	 -13.3	 -11.1	 -3.3	 -6.9	 6.0	 -12.4	
NO2	 Regional	 1.3	 -2.1	 -3.6	 -0.8	 -5.0	 0.7	 -4.3	
	 Point	 5.8	 -9.3	 -8.9	 -2.8	 -7.0	 4.1	 -10.1	
	 Mobile	 -1.0	 -3.4	 -7.2	 -5.0	 -8.4	 -2.3	 -2.6	
	 Area	 3.6	 -0.6	 2.8	 4.4	 0.2	 4.1	 -4.7	
	 Total	 0.8	 -3.0	 -4.9	 -2.3	 -6.1	 -0.1	 -3.9	
ZIP	codes		
PM2.5	 Regional	 -8	(-19)	 4.1	(-35)	 -0.5	(49)	 -8.2	(-101)	 -4.3	(-269)	 -8.2	(-27)	 7.8	(-21)	
	 Point	 8.5	(-58)	 -23.7	(-102)	 -12.9	(-57)	 -6.1	(-95)	 -6.1	(-2973)	 2.2	(41)	 -8.2	(-44)	
	 Mobile	 -4.4	(33)	 -0.8	(193)	 -1.4	(70)	 -18.6	(-114)	 -13.5	(-143)	 -6.1	(11)	 1.1	(81)	
	 Area	 -9.2	(-22)	 8.7	(-121)	 1	(-139)	 -8.1	(-81)	 -4.8	(-165)	 -8.6	(-23)	 10.1	(-28)	
	 Total	 -7.7	(-21)	 3	(-25)	 -0.6	(57)	 -8.1	(-85)	 -3.9	(-166)	 -8	(-32)	 7.4	(-21)	
O3	 Regional	 -8.2	(-32)	 4.6	(-52)	 -0.8	(-35)	 -8.4	(-149)	 -4.2	(-823)	 -8.1	(-39)	 7.5	(-23)	
SO2	 Point	 11.1	(-37)	 -15.2	(-15)	 -18.7	(-68)	 -3.2	(4)	 -7.2	(-4)	 8.3	(-40)	 -12.1	(3)	
NO2	 Regional	 1.5	(-16)	 -0.9	(58)	 -6.5	(-84)	 1.6	(296)	 -2.2	(56)	 1.1	(-59)	 -3	(30)	
	 Point	 8.5	(-46)	 -11	(-19)	 -15.1	(-69)	 -1.1	(59)	 -5.7	(18)	 6.3	(-53)	 -10.1	(0)	
	 Mobile	 1.9	(295)	 -2.7	(20)	 -9.1	(-27)	 -7.8	(-55)	 -10.3	(-24)	 0.2	(107)	 -6.5	(-154)	
	 Area	 -3.9	(207)	 8.4	(1421)	 4.8	(-72)	 7.5	(-69)	 4.8	(-2110)	 -2.4	(158)	 9.4	(301)	
	 Total	 3.3	(-316)	 -4.4	(-47)	 -10.1	(-106)	 0.1	(105)	 -4.2	(32)	 2.1	(1867)	 -6.3	(-60)	
Census	blocks	in	the	SO2	non-attainment	area	
PM2.5	 Regional	 -3.8	(43)	 6.1	(-102)	 5.8	(702)	 0.6	(115)	 3	(362)	 -1.3	(79)	 7.1	(-10)	
	 Point	 -11.3	(310)	 2.7	(123)	 -3.2	(61)	 -8.9	(-184)	 -5.5	(-2663)	 -11.6	(406)	 6.2	(208)	
	 Mobile	 -9.2	(-40)	 -0.9	(205)	 -0.1	(98)	 -6	(31)	 -4.1	(26)	 -9.3	(-37)	 1.8	(71)	
	 Area	 -0.4	(95)	 7.8	(-98)	 10.9	(-2598)	 5.7	(227)	 6	(430)	 3.3	(147)	 7.7	(2)	
	 Total	 -4.4	(31)	 5.4	(-125)	 5	(486)	 -0.1	(97)	 2.1	(241)	 -2.2	(64)	 6.6	(-8)	
O3	 Regional	 -3.3	(46)	 6.5	(-117)	 6.5	(1168)	 1.5	(143)	 3.9	(965)	 -0.8	(87)	 7.1	(-18)	
SO2	 Point	 -6.1	(175)	 -11.2	(16)	 -12.6	(-13)	 -8.7	(-160)	 -10.9	(-58)	 -9.2	(254)	 -10.1	(19)	
NO2	 Regional	 -0.6	(148)	 -8.6	(-319)	 -8.4	(-137)	 -3.9	(-394)	 -6.1	(-24)	 -3.5	(609)	 -9	(-109)	
	 Point	 -5.9	(202)	 -12	(-29)	 -13.4	(-49)	 -9.7	(-252)	 -11.9	(-71)	 -9.7	(334)	 -11.2	(-11)	
	 Mobile	 -5.7	(-469)	 -16.8	(-392)	 -15.3	(-115)	 -10.2	(-103)	 -12.5	(-50)	 -11.1	(-375)	 -15	(-488)	
	 Area	 6.5	(-82)	 7.2	(1225)	 8.1	(-189)	 7.6	(-73)	 6.4	(-2835)	 9.2	(-125)	 7	(250)	









































Y	=	y0	(1	–	e	–	β	x	)	P	 	 	 	 	 	 	 	 											 		(A3.1)		
	



































































































































































Pollutant	 Health	Outcome	 Age	group	 CR	 Form	 Reference	
O3	 Non-accidental	mortality	 30+	 0.00041	 log-linear	 Smith	et	al.	2009	
	 ED	visit	for	asthma	 0-17	 0.01044	 log-linear	 Mar	and	Koenig,	2009	
	 Asthma	symptom	day	(one	or	more	symptoms)	 6-14	 0.00194	 logistic	 Schildcrout	et	al.	2006	
	 Pneumonia	hospitalization	 65+	 0.00521	 log-linear	 Schwartz,	1994	
	 COPD	hospitalization	 65+	 0.00549	 log-linear	 Schwartz,	1994	
	 Missed	school	day	 6-14	 0.00755	 log-linear	 Gilliland	et	al.	2001	
	 Minor	restricted	activity	day	 18-64	 0.00260	 log-linear	 Ostro	and	Rothschild,	1989	
PM2.5	 All-cause	mortality	 30+	 0.00545	 Log-linear	 Krewski,	2009	
	 Infant	mortality	 0-1	 0.00392	 logistic	 Woodruff	et	al.	1997	
	 Asthma	hospitalization	 0-64	 0.00332	 log-linear	 Sheppard,	2003	
	 COPD	hospitalization	 65+	 0.00117	 log-linear	 Ito,	2003	
	 CVD	hospitalization	 65+	 0.00158	 log-linear	 Moolgavkar,	2003	
	 Pneumonia	hospitalization	 65+	 0.00398	 log-linear	 Ito,	2003	
	 Non-fatal	heart	attack	 18+	 0.00222	 logistic	 Zanobetti	et	al.	2008	
	 ED	visit	for	asthma	 0-17	 0.00560	 log-linear	 Mar	et	al.	2010	
	 Asthma	symptom	day	(cough)	 6-14	 0.01906	 logistic	 Mar	et	al.	2004	
	 Asthma	symptom	day	(shortness	of	breath)	 6-14	 0.00256	 logistic	 Ostro	et	al.	2001	
	 Asthma	symptom	day	(wheeze)	 6-14	 0.00194	 logistic	 Ostro	et	al.	2001	
	 Minor	restricted	activity	day	 18-64	 0.00741	 log-linear	 Ostro	and	Rothschild,	1989	
	 Work	loss	day	 18-64	 0.00460	 log-linear	 Ostro,	1987	
SO2	 Asthma	hospitalization	 0-64	 0.00203	 log-linear	 Sheppard,	2003	
	 COPD	hospitalization	 65+	 0.02081	 log-linear	 Yang	et	al.	2005	
	 ED	visit	for	asthma	 0-17	 0.00853	 log-linear	 Ito	et	al.	2007	
	 ED	visit	for	asthma	(Detroit	CR)	 0-17	 0.00976	 log-linear	 Li	et	al.	2011	
	 Asthma	symptom	day	(one	or	more	symptoms)	 6-14	 0.00392	 logistic	 Schildcrout	et	al.	2006	
	 Asthma	symptom	day	(one	or	more	symptoms,	Detroit	CR)	 6-14	 0.01695	 logistic	 Batterman	et	al.	in	prep	
NO2	 Asthma	hospitalization	 0-64	 0.00140	 log-linear	 Linn	et	al.	2000	
	 COPD	hospitalization	 65+	 0.0024	 log-linear	 Moolgavkar,	2003	
	 ED	visit	for	asthma	 0-17	 0.00546	 log-linear	 Ito	et	al.	2007	





Outcome	 Age	 DW	(--)		 D	(years)	 V	($)	 DW	Source	 D	Source	 V	Source	
Mortality	
All-cause	 30-34	 1	 49.327	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 35-30	 1	 44.645	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 40-44	 1	 39.978	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 45-49	 1	 35.406	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 50-54	 1	 30.962	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 55-59	 1	 26.726	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 60-64	 1	 22.653	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 65-69	 1	 18.745	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 70-74	 1	 15.056	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 75-79	 1	 11.68	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 80-84	 1	 8.627	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
All-cause	 85+	 1	 5.9	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
Infant	 0-1	 1	 77.923	 9600000	 	 MDHHS,	2015	 US	EPA,	2012	
Hospitalizations	
Asthma	 0-64	 0.64	 0.009	 16000	 de	Hollander	1999	 CDC,	2012	 US	EPA,	2012	
COPD	 65+	 0.64	 0.012	 36000	 de	Hollander	1999	 CDC,	2012	 US	EPA,	2012	
CVD	 65+	 0.71	 0.0126	 41000	 de	Hollander	1999	 CDC,	2012	 US	EPA,	2012	
Pneumonia	 65+	 0.64	 0.014	 36000	 de	Hollander	1999	 CDC,	2012	 US	EPA,	2012	
Non-fatal	MI	 18+	 0.42	 0.015	 143000	 de	Hollander	1999	 CDC,	2012	 US	EPA,	2012	
Asthma	outcomes	
ED	Visit	 0-17	 0.51	 0.0027	 430	 de	Hollander	1999	 	 US	EPA,	2012	
Cough	 	 0.22	 0.005	 58	 de	Hollander	1999	 	 US	EPA,	2012	
SoB	 	 0.22	 0.005	 58	 de	Hollander	1999	 	 US	EPA,	2012	
Wheeze	 	 0.22	 0.005	 58	 de	Hollander	1999	 	 US	EPA,	2012	
One	or	more	 	 0.22	 0.005	 58	 de	Hollander	1999	 	 US	EPA,	2012	
Restricted	activity	days	
MRAD	 	 0.092	 0.0027	 68	 Murray,	1994	 Ostro,	1987	 US	EPA,	2012	
WLD	 	 0.092	 0.0027	 150	 Murray	,1994	 	 US	EPA,	2012	



















PM2.5	 Regional	 —	 —	 —	 —	 —	 —	 —	
	 Point	 12.9	 -15.4	 -8.9	 0.8	 0.7	 10.9	 -13.2	
	 Mobile	 -0.5	 -2.6	 -4.0	 -4.4	 -4.0	 -1.1	 0.0	
	 Area	 -1.1	 0.9	 1.7	 -0.2	 -0.2	 -0.8	 1.7	
	 Total	 0.4	 -0.7	 -0.4	 -0.3	 -0.2	 0.3	 -0.4	
O3	 Regional	 —	 —	 —	 —	 —	 —	 —	
SO2	 Point	 6.8	 -10.6	 -7.0	 -2.7	 -2.9	 5.7	 -7.8	
NO2	 Regional	 —	 —	 —	 —	 —	 —	 —	
	 Point	 4.3	 -6.6	 -4.9	 -2.0	 -2.3	 3.5	 -5.2	
	 Mobile	 -2.0	 -1.0	 -3.6	 -4.5	 -4.1	 -2.6	 1.4	
	 Area	 3.4	 0.6	 6.4	 5.9	 6.1	 4.2	 -0.8	
	 Total	 -0.3	 -0.8	 -1.3	 -1.6	 -1.4	 -0.5	 0.2	
ZIP	codes	
PM2.5	 Regional	 —	 —	 —	 —	 —	 —	 —	
	 Point	 0.139	(-37)	 16	(-23)	 -27	(-76)	 -14.8	(-66)	 1	(-35)	 -2.7	(508)	 9.7	(11)	
	 Mobile	 0.057	(29)	 2.7	(681)	 -4.5	(-71)	 -2.2	(46)	 -9.9	(-126)	 -8.4	(-110)	 1.2	(208)	
	 Area	 0.019	(73)	 -1.8	(-61)	 4.9	(-425)	 1.6	(10)	 -0.1	(55)	 -0.8	(-301)	 -0.9	(-13)	
	 Total	 0.001	(62)	 0.5	(-17)	 -1.2	(-72)	 0.1	(116)	 0.2	(185)	 0.5	(295)	 0.2	(26)	
O3	 Regional	 —	 —	 —	 —	 —	 —	 —	
SO2	 Point	 0.055	(13)	 9.5	(-40)	 -13.7	(-29)	 -10.7	(-53)	 -4.4	(-60)	 -4.8	(-64)	 7.7	(-36)	
NO2	 Regional	 —	 —	 —	 —	 —	 —	 —	
	 Point	 0.027	(23)	 6.9	(-59)	 -9.8	(-48)	 -7.5	(-54)	 -2.6	(-31)	 -3.4	(-48)	 5.4	(-52)	
	 Mobile	 0.055	(34)	 1.1	(152)	 -2.5	(-163)	 -1.4	(60)	 -9.9	(-120)	 -8.5	(-109)	 -0.1	(95)	
	 Area	 0.101	(22)	 -4.8	(239)	 8.4	(-1278)	 7.9	(-24)	 4.2	(28)	 4.7	(23)	 -3.5	(183)	
	 Total	 0.011	(-18)	 1.6	(578)	 -3.1	(-291)	 -2.1	(-56)	 -0.6	(60)	 -0.9	(36)	 1.2	(315)	
Census	blocks	in	the	SO2	non-attainment	area	
PM2.5	 Regional	 —	 —	 —	 —	 —	 —	 —	
	 Point	 0.107	(-5)	 -6.9	(153)	 -3.7	(76)	 -9.5	(-7)	 -9.5	(1328)	 -9.1	(1482)	 -9.4	(186)	
	 Mobile	 0.128	(-61)	 -4.7	(-914)	 -7.5	(-186)	 -6.4	(-58)	 -6	(-37)	 -6.3	(-57)	 -7.3	(-556)	
	 Area	 0.082	(-18)	 3.7	(429)	 2.2	(-134)	 5.8	(-233)	 5.2	(3341)	 4	(2091)	 5	(719)	
	 Total	 0.003	(-13)	 -0.5	(217)	 -0.7	(-2)	 -0.8	(-110)	 -0.7	(-178)	 -0.9	(-242)	 -0.7	(339)	
O3	 Regional	 —	 —	 —	 —	 —	 —	 —	
SO2	 Point	 0.043	(33)	 -6.4	(193)	 -4	(62)	 -5.8	(17)	 -6	(-118)	 -6.5	(-123)	 -6.7	(219)	
NO2	 Regional	 —	 —	 —	 —	 —	 —	 —	
	 Point	 0.042	(-21)	 -6.2	(244)	 -3.1	(53)	 -5.4	(-12)	 -6	(-199)	 -6.2	(-173)	 -6.7	(290)	
	 Mobile	 0.126	(-50)	 -4.8	(-133)	 -7.4	(-670)	 -6.6	(-82)	 -6.1	(-35)	 -6.4	(-58)	 -7.4	(-190)	
	 Area	 0.163	(-26)	 6.5	(-91)	 14.3	(-2242)	 15.7	(-145)	 10.8	(-85)	 12	(-95)	 11.5	(-171)	

























































































































































































































































































































































































































































































































































































































































































































































































































































































ID	 Name	 Emphasis	 Description	
















































Metric	 Min	 25th	 50th	 Mean	 75th	 95th	 99th	 Max	
Hourly	at	receptors	 0	 0.1	 0.2	 1.6	 0.9	 8.8	 19.8	 229.8	
Daily	mean	across	blocks	 0	 0.1	 0.5	 1.2	 1.7	 4.2	 6.5	 20.9	






































Carmeuse	Lime	 640	(0.7)	 8	 0.40	(5.7)	 7	 0.062	 1	
Dearborn	Industrial	Generation	 768	(0.8)	 6	 0.43	(6.2)	 6	 0.056	 2	
Severstal/AK	Steel	 733	(0.8)	 7	 0.38	(5.5)	 8	 0.052	 3	
Marathon	Petroleum	 268	(0.3)	 9	 0.13	(1.8)	 9	 0.047	 4	
US	Steel	Great	Lakes	Works	 2,885	(3.1)	 4	 1.32	(18.9)	 2	 0.046	 5	
EES	Coke	 2,049	(2.2)	 5	 0.55	(7.9)	 5	 0.027	 6	
DTE	River	Rouge	 10,442	(11.1)	 3	 0.80	(11.5)	 4	 0.008	 7	
DTE	Trenton	Channel	 20,824	(22.2)	 2	 0.89	(12.7)	 3	 0.004	 8	
DTE	Monroe	 47,409	(50.6)	 1	 1.33	(19.1)	 1	 0.003	 9	
Minor	point	sources	(n=125)	 7713	(8.2)	 NR	 0.75	(10.7)	 NR	 0.010	 NR	



























0%	 79.5	 79.5	 79.5	 79.5	 79.5	
15%	 70.2	 77.6	 69.5	 68.7	 69.5	
30%	 60.7	 75.7	 69.4	 62.3	 69.4	
45%	 56.4	 73.8	 66.9	 56.4	 66.5	
60%	 56.3	 61.9	 56.3	 56.3	 56.3	
75%	 56.2	 61.6	 56.2	 56.2	 56.2	

























































































































































S0	 0	 7.0	(*)	 0.136	(*)	 7.8	(*)	 -11.2	(*)	 -8.9	(*)	 -1.7	(*)	 -4.8	(*)	 6.1	(*)	 -11.7	(*)	
S1	 15	 6.2	(10.5)	 0.134	(1.3)	 7.7	(0.9)	 -10.9	(2.3)	 -8.6	(3.5)	 -1.5	(9.6)	 -4.6	(3.6)	 6.1	(0.4)	 -11.4	(1.9)	
S1	 30	 5.5	(21.0)	 0.132	(2.9)	 7.6	(2.1)	 -10.6	(5.3)	 -8.2	(8.0)	 -1.3	(21.8)	 -4.4	(8.0)	 6.0	(0.8)	 -11.2	(4.3)	
S1	 45	 4.8	(31.5)	 0.129	(4.8)	 7.5	(3.6)	 -10.2	(9.2)	 -7.7	(13.8)	 -1.0	(37.7)	 -4.1	(13.9)	 6.0	(1.4)	 -10.8	(7.4)	
S1	 60	 4.0	(42.0)	 0.126	(7.2)	 7.4	(5.7)	 -9.6	(14.6)	 -6.9	(21.7)	 -0.7	(59.3)	 -3.7	(21.9)	 5.9	(2.3)	 -10.3	(11.6)	
S1	 75	 3.3	(52.5)	 0.122	(10.3)	 7.1	(8.8)	 -8.7	(22.3)	 -5.9	(33.1)	 -0.2	(90.6)	 -3.2	(33.3)	 5.9	(3.6)	 -9.6	(17.7)	
S1	 90	 2.6	(63.1)	 0.117	(14)	 6.7	(13.6)	 -7.3	(34.4)	 -4.3	(51.1)	 0.7	(139.6)	 -2.3	(51.3)	 5.7	(5.6)	 -8.5	(27.4)	
S2	 15	 6.7	(3.5)	 0.136	(-0.7)	 7.6	(2.6)	 -11.3	(-0.8)	 -9.3	(-4.3)	 -2.0	(-19.6)	 -5.1	(-7.2)	 5.8	(3.9)	 -11.7	(-0.5)	
S2	 30	 6.5	(7.1)	 0.138	(-1.5)	 7.4	(5.3)	 -11.4	(-1.7)	 -9.7	(-8.9)	 -2.3	(-40.7)	 -5.5	(-15.0)	 5.6	(8.0)	 -11.8	(-1.0)	
S2	 45	 6.2	(10.6)	 0.139	(-2.5)	 7.2	(8.3)	 -11.5	(-2.6)	 -10.1	(-14)	 -2.7	(-63.5)	 -5.9	(-23.4)	 5.3	(12.5)	 -11.8	(-1.6)	
S2	 60	 5.8	(16.3)	 0.140	(-3.6)	 7.3	(6.4)	 -11.7	(-4.6)	 -10.3	(-15.8)	 -2.7	(-64.4)	 -5.9	(-23.6)	 5.4	(10.7)	 -12.0	(-3.2)	
S2	 75	 5.4	(22.7)	 0.142	(-4.9)	 7.6	(2.4)	 -12.0	(-7.3)	 -10.4	(-16.7)	 -2.6	(-57.3)	 -5.7	(-20.7)	 5.7	(6.2)	 -12.3	(-5.2)	
S3	 15	 4.3	(38.2)	 0.119	(12.0)	 7.5	(4.4)	 -8.2	(27.0)	 -4.6	(48.4)	 0.8	(145.8)	 -2.2	(53.5)	 6.4	(-4.7)	 -9.2	(21.2)	
S3	 30	 3.7	(46.8)	 0.118	(12.6)	 7.9	(-0.6)	 -7.7	(31.1)	 -3.5	(60.3)	 1.6	(198.3)	 -1.3	(72.9)	 6.9	(-13)	 -8.9	(24.0)	
S3	 45	 3.3	(52.5)	 0.119	(12.3)	 8.2	(-5.1)	 -7.7	(31.6)	 -3.0	(66.1)	 2.1	(228.3)	 -0.8	(84.2)	 7.2	(-19.3)	 -8.8	(24.4)	
S3	 60	 3.1	(56.0)	 0.118	(12.8)	 7.8	(0.1)	 -7.6	(32.4)	 -3.4	(61.9)	 1.7	(203.5)	 -1.2	(75.0)	 6.8	(-12.4)	 -8.7	(25.2)	
S3	 75	 2.8	(59.5)	 0.117	(13.4)	 7.3	(6.3)	 -7.5	(33.3)	 -3.8	(57.0)	 1.2	(174.4)	 -1.7	(64.2)	 6.3	(-4.2)	 -8.6	(26.2)	
S4	 15	 5.4	(22.1)	 0.128	(5.7)	 7.7	(1.7)	 -9.8	(12.5)	 -7.2	(18.3)	 -0.7	(58.9)	 -3.8	(20.7)	 6.2	(-2.0)	 -10.7	(8.0)	
S4	 30	 5.1	(27.0)	 0.128	(5.2)	 7.7	(1.3)	 -10.0	(10.8)	 -7.4	(16.7)	 -0.8	(54.2)	 -3.8	(19.5)	 6.2	(-2.1)	 -10.8	(7.3)	
S4	 45	 4.5	(35.6)	 0.127	(6.6)	 7.5	(4.0)	 -9.5	(14.7)	 -7.1	(20.0)	 -0.7	(60.1)	 -3.7	(21.2)	 6.0	(0.4)	 -10.5	(9.8)	
S4	 60	 3.9	(44.0)	 0.124	(8.6)	 7.2	(7.4)	 -9.0	(19.8)	 -6.6	(25.5)	 -0.5	(70.7)	 -3.6	(24.9)	 5.9	(3.1)	 -10.1	(13.5)	
S4	 75	 3.4	(51.6)	 0.122	(9.9)	 7.1	(9.6)	 -8.5	(23.7)	 -6.2	(30.4)	 -0.3	(83.1)	 -3.4	(29.5)	 5.8	(4.7)	 -9.7	(16.5)	
S5	 15	 4.2	(39.7)	 0.118	(12.7)	 7.4	(5.4)	 -7.8	(29.9)	 -4.3	(51.9)	 0.9	(156.2)	 -2.0	(57.1)	 6.3	(-4.4)	 -8.9	(23.2)	
S5	 30	 3.7	(47.0)	 0.118	(12.7)	 7.8	(-0.5)	 -7.7	(31.5)	 -3.5	(60.8)	 1.6	(199.7)	 -1.3	(73.4)	 6.9	(-12.9)	 -8.8	(24.2)	
S5	 45	 3.3	(52.5)	 0.119	(12.3)	 8.2	(-5.0)	 -7.6	(31.7)	 -3.0	(66.0)	 2.1	(227.9)	 -0.8	(84.0)	 7.2	(-19.2)	 -8.8	(24.4)	
S5	 60	 3.1	(56.1)	 0.118	(12.9)	 7.8	(0.3)	 -7.6	(32.5)	 -3.4	(61.7)	 1.7	(202.6)	 -1.2	(74.7)	 6.8	(-12.1)	 -8.7	(25.3)	






Strategy	 Min	 25th	 50th	 Mean	 75th	 95th	 99th	 Max	 Peak	
SIP	max.	allowable	(S6)	 0	 0.2	 0.8	 2.2	 3.1	 8.4	 13.2	 40.8	 173.2	
SIP	control	strategy	(S7)	 0	 0.3	 0.8	 1.6	 2.3	 5.5	 8.3	 23.3	 111.4	
Concentration	opt	(S8)	 0	 0.2	 0.7	 1.6	 2.5	 6.1	 9.1	 24.5	 106.7	















































































































































S6	 12.9	(*)	 0.143	(*)	 7.9	(*)	 -12.0	(*)	 -10.3	(*)	 -2.5	(*)	 -5.6	(*)	 6.0	(*)	 -12.5	(*)	
S7	 9.7	(24.5)	 0.142	(1.0)	 8.3	(-4.2)	 -11.4	(4.9)	 -10.0	(2.5)	 -2.0	(19.9)	 -5.2	(7.5)	 6.4	(-5.9)	 -12.6	(-0.6)	
S8	 9.8	(23.8)	 0.142	(0.9)	 8.1	(-2.5)	 -11.7	(2.3)	 -10.0	(2.5)	 -2.1	(12.9)	 -5.3	(5.4)	 6.2	(-3.9)	 -12.5	(-0.0)	
















































































































































































































































































































































































































































































	 !; = 	 $%19(%,/.$<(/,<.$=(/,=(/,%.(/,<.(/,=.4567,9.(/,:>->	 	 	 	 	 	 	 				(5.3)	
	
	 !? = 	 $%19(<,%.$/(/,<.$=(=,<(<,%.(<,/.(<,=.4567,9 	 	 	 	 	 	 	 	 				(5.4)	
	





































































































































































































































































































































































































































































































































































































































































































































































































































































































































Parameter	 Notation	 Unit	 Mean	 SD1	 Min2	 Max2	 Dist.	 Source	
Classroom	recirculation	rate	 Qr	 h-1	 3.00	 	 2.00	 4.00	 T	 Batterman	et	al.	2017	
Classroom	ACR	 	 h-1	 1.95	 	 0.10	 4.33	 T	 Batterman	et	al.	2017	
Classroom	infiltration	rate	 Qin	 h-1	 0.21	 	 0.01	 0.54	 T	 Batterman	et	al.	2017	
Classroom	deposition	rate	 kdep,s	 h-1	 0.10	 	 0.04	 0.15	 T	 Riley	et	al.	2002	
Classroom	penetration	 Ps	 --	 0.72	 	 0.39	 0.72	 T	 Riley	et	al.	2002	
Whole	house	ACR	(Sp)	 	 h-1	 0.57	 0.55	
0.1	
	 6.00	 L	 Du	et	al.	2011	
Whole	house	ACR	(Su)	 	 h-1	 0.78	 1.03	
0.1	 6.00	
L	 Du	et	al.	2011	
Whole	house	ACR	(Fa)	 	 h-1	 0.78	 0.63	
0.1	 6.00	
L	 Du	et	al.	2011	
Whole	house	ACR	(Wi)	 	 h-1	 0.88	 0.63	
0.1	 6.00	
L	 Du	et	al.	2011	
Whole	house	ACR	(Avg)	 	 h-1	 0.73	 0.76	
0.1	 6.00	
L	 Du	et	al.	2011	
Bedroom	ACR	(Sp)	 	 h-1	 1.25	 0.87	
0.1	 6.00	
L	 Du	et	al.	2011	
Bedroom	ACR	(Su)	 	 h-1	 2.12	 2.03	
0.1	 6.00	
L	 Du	et	al.	2011	
Bedroom	ACR	(Fa)	 	 h-1	 1.60	 1.39	
0.1	 6.00	
L	 Du	et	al.	2011	
Bedroom	ACR	(Wi)	 	 h-1	 1.65	 1.22	
0.1	 6.00	
L	 Du	et	al.	2011	
Bedroom	ACR	(Avg)	 	 h-1	 1.66	 1.50	
0.1	 6.00	
L	 Du	et	al.	2011	
House	deposition	rate	 kdep,h	 h-1	 0.11	 	 0.05	 0.17	 T	 Riley	et	al.	2002	
House	penetration	 Ph	 --	 0.80	 	 0.25	 1.00	 T	 Riley	et	al.	2002	
















αh,b	 --	 0.55	 0.18	
0.00	 1.00	
L	 Du	et	al.	2011	
















αb,h	 --	 0.26	 0.20	
0.00	 1.00	
L	 Du	et	al.	2011	
MERV	5	filter	efficiency	 ε	 --	 0.014	 	 0.010	 0.192	 T	 Azimi	et	al.	2014	
MERV	8filter	efficiency	 ε	 --	 0.271	 	 0.186	 0.384	 T	 Azimi	et	al.	2014	
MERV	12	filter	efficiency	 ε	 --	 0.664	 	 0.611	 0.732	 T	 Azimi	et	al.	2014	
MERV	14	filter	efficiency	 ε	 --	 0.714	 	 0.614	 0.831	 T	 Azimi	et	al.	2014	












“To”	compartment	 Outside	(o)	 Bedroom	(i)	 Living	room	(k)	 Other	rooms	(j)	
Outside	(o)	 —	 1.33	 0.20	 0.33	
Bedroom	(i)	 0.75	 —	 0.23	 0.68	
Living	room	(k)	 0.45	 0.10	 —	 0.18	





Parameter	 Unit	 Value	 Source/Notes	
Electricity		 $/kWh	 0.1508	 Michigan	Public	Service	Commission,	2017	
MERV	5	filter		 $/filter	 2.50	 Filter	suppliers	
MERV	8	filter		 $/filter	 4.65	 Filter	suppliers	







Honeywell	HPA	1001		 $/unit	 160.00	 Honeywell;	Annualized	cost	=	$26.80	
Honeywell	HPA	3001		 $/unit	 300.00	 Honeywell;	Annualized	cost	=	$50.20	
Classroom	UV	motor	consumption	 W	 180	 Trane	UV	Size	100	(1000	CFM	Nominal)	
Forced-air	blower	motor	consumption	 W	 539	 Century	1/3	HP	Blower	Motor	
Honeywell	HPA	100	consumption	 W	 52	 US	EPA,	2017	
Honeywell	HPA	300	consumption	 W	 127	 US	EPA,	2017	
















	 Classrooms	 Homes	with	forced-air	system	 Bedrooms	 Living	Rooms	 Other	rooms	
	 Filter	rating	



































































































































































Hospitalization	(6-18)	 480	 8	(2–12)	 17	(4–24)	
Emergency	department	visits	(6-18)	 5300	 150	(39–250)	 300	(79–510)	
Exacerbation	(cough,	6-14)	 1,400,000	 83,000	(0–160,000)	 170,000	(0–330,000)	
Exacerbation	(wheeze,	6-14)	 860,000	 6,600	(1,100–120,00)	 14,000	(2,400–24,000)	
Exacerbation	(shortness	of	breath,	6-14)	 820,000	 8,400	(0–17,000)	 17,000	(0–35,000)	
DALYS	(years)	 3,400	 110	(1–210)	 220	(3–430)	
Monetized	Impacts	(2010	$million)	 190	 5.8	(0.1–11.1)	 12.2	(0.2–23.1)	






























































































































































12/14	 HPA	100	 HPA	300	 Total	
0.1	 7	 16	 39	 0	 9	 32	 149	 227	 376	
0.2	 31	 40	 63	 71	 80	 103	 156	 244	 399	
0.3	 55	 63	 87	 142	 151	 175	 162	 261	 423	
0.4	 78	 87	 111	 214	 222	 246	 169	 277	 447	
0.5	 102	 111	 134	 285	 293	 317	 176	 294	 470	
0.6	 126	 135	 158	 356	 364	 388	 183	 311	 494	
0.7	 150	 158	 182	 427	 436	 459	 190	 328	 518	
0.8	 174	 182	 206	 498	 507	 530	 197	 344	 541	
0.9	 197	 206	 230	 569	 578	 602	 204	 361	 565	





















































































“To”	compartment:	 Outside	(o)	 Bedroom	(i)	 Living	room	(k)	 Other	rooms	(j)	
Spring	 	 	 	 	
Outside	(o)	 —	 1.00	 0.17	 0.26	
Bedroom	(i)	 0.58	 —	 0.17	 0.51	
Living	room	(k)	 0.35	 0.08	 —	 0.14	
Other	rooms	(j)	 0.51	 0.17	 0.23	 —	
	 	 	 	 	
Summer	 	 	 	 	
Outside	(o)	 —	 1.68	 0.14	 0.41	
Bedroom	(i)	 1.00	 —	 0.28	 0.84	
Living	room	(k)	 0.48	 0.10	 —	 0.20	
Other	rooms	(j)	 0.75	 0.34	 0.36	 —	
	 	 	 	 	
Fall	 	 	 	 	
Outside	(o)	 —	 1.27	 0.25	 0.30	
Bedroom	(i)	 0.67	 —	 0.23	 0.70	
Living	room	(k)	 0.47	 0.11	 —	 0.20	
Other	rooms	(j)	 0.68	 0.21	 0.30	 —	
	 	 	 	 	
Winter	 	 	 	 	
Outside	(o)	 —	 1.30	 0.32	 0.38	
Bedroom	(i)	 0.76	 —	 0.22	 0.67	
Living	room	(k)	 0.54	 0.12	 —	 0.22	







PM2.5	Metric	 Period	 Mean	 SD	 25th	 50th	 75th	 95th	 99th	 Max	
Daily	average	(µg/m3)	 School	days	 9.4	 5.5	 0.8	 4.1	 5.5	 7.3	 8.7	 9.1	
	 All	year	 9.8	 5.5	 0.8	 5.6	 8.8	 12.6	 20.2	 26.0	
Background	(µg/m3)	 School	days	 8.2	 5.2	 0.6	 3.4	 4.5	 5.9	 7.3	 7.5	
	 All	year	 8.5	 5.1	 0.6	 4.7	 7.4	 11.0	 18.5	 23.3	
Local	increment	(µg/m3)	 School	days	 4.1	 2.7	 0.5	 1.8	 2.5	 3.3	 3.7	 3.8	





















Hospitalization	(6-18)	 480	 8	(2	–	12)	 17	(4–24)	
Emergency	department	visits	(6-18)	 5300	 150	(39	–	250)	 300	(79–510)	
Exacerbation	(cough,	6-14)	 1,400,000	 83,000	(0	–	160,000)	 170,000	(0–330,000)	
Exacerbation	(wheeze,	6-14)	 860,000	 6,600	(1140	–	12,000)	 14,000	(2,400–25,000)	
Exacerbation	(shortness	of	breath,	6-14)	 820,000	 8,400	(0	–	17,000)	 18,000	(0–35,000)	
DALYS	(years)	 3,400	 108	(1	–	210)	 220	(3–430)	
Monetized	Impacts	(2010	$million)	 190	 5.9	(0.1	–	11.1)	 12.2	(0.2–23.1)	


























Hospitalization	(6-18)	 480	 8	(2	–	12)	 17	(4–24)	
Emergency	department	visits	(6-18)	 5300	 150	(39	–	250)	 300	(79–510)	
Exacerbation	(cough,	6-14)	 1,400,000	 83,000	(0	–	160,000)	 170,000	(0–330,000)	
Exacerbation	(wheeze,	6-14)	 860,000	 6,600	(1,100	–	12,000)	 14,000	(2,400–24,000)	
Exacerbation	(shortness	of	breath,	6-14)	 820,000	 8,400	(0	–	17,000)	 17,000	(0–35,000)	
DALYS	(years)	 3,400	 108	(1	–	210)	 220	(3–430)	
Monetized	Impacts	(2010	$million)	 190	 5.9	(0.1	–	11.1)	 12.2	(0.2–23.1)	
















































































































































































































































































































Hospitalization	(6-18)	 480	 7	(2	–	10)	 15	(4	–	23)	
Emergency	department	visits	(6-18)	 5300	 120	(32	–	210)	 280	(73	–	471)	
Exacerbation	(cough,	6-14)	 1,400,000	 69,000	(0	–	130,000)	 160,000	(0	–	300,000)	
Exacerbation	(wheeze,	6-14)	 860,000	 5,500	(940	–	9,700)	 13,000	(2,200	–	23,000)	
Exacerbation	(shortness	of	breath,	6-14)	 820,000	 6,900	(0	–	14,000)	 16,000	(0	–	32,000)	
DALYS	(years)	 3,400	 89	(1	–	170)	 210	(3	–	400)	
Monetized	Impacts	(2010	$million)	 190	 4.9	(0.1	–	9.3)	 11.2	(0.2	–	21.4)	








































































































































Reduction	in	DALYs	(%)3	 —	 6	 7	 —	 9	 10	 4	 9	 9	
1	For	homes,	we	assume	that	houses	without	forced-air	systems	use	stand-alone	HEPA	filters	in	children’s	bedrooms	and	living	rooms.	
2	Reported	in	millions	
3	Calculated	as	the	reduction	in	DALYs	compared	to	baseline	impacts.	For	schools,	the	percent	reduction	is	scaled	by	0.48	to	reflect	that	students	are	only	in	
school	177	days	per	year.	
Abbreviations:	DALY:	disability-adjusted	life	year;	ED:	emergency	department;	MERV:	minimum	efficiency	reporting	value	
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Table	A5.9.	Marginal	costs	($	per	building	per	year)	of	increased	filter	use	and	more	efficient	
filters	in	schools	assuming	MERV	8	filters	are	used	at	baseline.	Costs	include	electricity	(from	
longer	duty	cycles)	and	filter	replacement	cost.		
	 Marginal	cost	($/building-year)	
Duty	Cycle	 MERV	8	 MERV	12/14	
0.1	 7	 31	
0.2	 31	 55	
0.3	 55	 78	
0.4	 78	 102	
0.5	 102	 126	
0.6	 126	 150	
0.7	 150	 173	
0.8	 174	 197	
0.9	 197	 221	
1	 221	 245	
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Supplemental	Figures		
Figure	A5.	1.	Sensitivity	analysis	of	duty	cycle	on	I/O	ratios	for	PM2.5	in	“tight”	homes	with	lower	
air	change	rates	and	particle	penetration	factors.	Error	bars	show	standard	deviation	of	the	
mean	estimates	from	the	MC	analysis.	
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Figure	A5.	2.	Tornado	plots	for	MERV	5,	MERV	12,	and	MERV	14	filters	in	schools	and	homes	
with	forced	air	systems.	
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Figure	A5.	2	(continued).	Tornado	plots	for	MERV	5,	MERV	12,	and	MERV	14	filters	in	schools	
and	homes	with	forced	air	systems.	
	
	
	
Figure	abbreviations:	ACR:	air	change	rate;	MERV:	minimum	efficiency	reporting	value		
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Chapter	6	
CONCLUSION	
	
This	dissertation	has	explored	the	use	of	quantitative	health	impact	assessment	(HIA)	methods	
at	the	urban	and	intra-urban	scales	to	quantify	the	burden	of	disease	due	to	ambient	air	
pollutants	and	to	estimate	the	potential	health	benefits	of	strategies	that	reduce	emissions	of	
or	exposure	to	these	air	pollutants.	The	analyses	presented	here	considered	the	magnitude	of	
health	impacts	as	well	as	their	distribution	across	the	study	area	(which	includes	Detroit,	MI	
and	several	adjacent	cities)	and	across	demographic	and	socioeconomic	subgroups.	The	specific	
aims	of	this	dissertation	were:	to	identify	quantitative	health	impact	metrics	that	are	
appropriate	for	studies	meant	to	inform	air	quality	management	decisions	(Specific	Aim	1);	to	
assess	the	public	health	burden	and	health	disparities	attributable	to	current	levels	of	ambient	
air	pollutants	in	the	study	area	using	a	quantitative	impact	assessment	framework	(Specific	Aim	
2);	and	to	evaluate	selected	strategies	for	reducing	air	pollutant	concentrations,	exposures	and	
health	impacts	in	the	study	area	using	quantitative	HIA	methods	(Specific	Aim	3).	These	aims	
were	addressed	in	Chapters	2	through	5.	
	
This	chapter,	the	conclusion	of	this	work,	has	five	sections.	The	next	section	summarizes	the	
main	findings	from	each	specific	aim	in	this	dissertation.	The	remaining	sections	discuss	the	
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tradeoffs	of	selected	air	quality	management	(AQM)	strategies	for	the	study	area;	how	
quantitative	HIA	methods	can	be	used	to	guide	local	decision	making;	how	including	HIA	
methods	in	the	environmental	decision-making	process	can	potentially	lead	state	and	national	
environmental	policy	towards	more	equitable	goals;	barriers	and	challenges	for	local	scale	
assessments,	including	communicating	results	to	decision	makers;	and,	directions	for	future	
studies.	The	chapter	ends	with	overall	conclusions	about	the	work.	
	
Summary	of	main	findings	
The	analysis	in	Chapter	2,	which	addressed	Specific	Aim	1,	compared	health	impact	metrics	
relevant	for	evaluating	air	quality	management	(AQM)	strategies.	These	metrics	included,	for	
example,	the	number	of	attributable	cases,	disability-adjusted	life	years	(DALYs),	monetized	
impacts,	and	functional-unit	based	impacts	(i.e.,	impacts	per	ton	of	pollutant	emitted).	These	
metrics	were	evaluated	against	a	set	of	criteria	that	included	their	comprehensiveness	and	
relevance	to	local	scale	assessments.	The	analysis	indicated	the	need	for	metrics	that	are	
comprehensive	with	respect	to	outcomes	and	the	number	of	people	affected,	and	that	clearly	
communicate	direct	and	indirect	impacts	and	uncertainty.	Further,	metrics	should	use	local	
data	(e.g.,	baseline	rates	from	the	study	population),	incorporate	outcomes	of	high	public	
health	importance,	and	represent	the	spatial	and	temporal	dimensions	of	impacts.	Because	no	
single	metric	met	all	the	specified	criteria,	a	suite	of	metrics	was	recommended,	specifically	
attributable	cases,	disability-adjusted	life	years	(DALYs),	and	monetized	impacts.	The	number	of	
attributable	cases	or	mortality	and	morbidity	provides	decision	makers	with	a	sense	of	how	
many	people	are	impacted	by	a	given	AQM	decision,	and	aggregating	attributable	cases	as	
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DALYs	provides	a	useful	summary	metric	that	considers	the	duration	and	severity	of	air-
pollution	related	health	impacts.	Monetizing	health	impacts	or	benefits	is	also	recommended	
because	many	decision	makers	are	familiar	with	monetized	impacts	and	this	metric	can	be	used	
in	other	policy	evaluations,	e.g.,	cost-effectiveness	or	cost-benefit	analyses.	
	
Chapter	3	addressed	Specific	Aim	2	and	presented	a	burden	of	disease	assessment	for	the	study	
area.	The	analysis	reported	health-related	impacts	for	four	criteria	pollutants—PM2.5,	O3,	SO2	
and	NO2—and	diesel	particulate	matter	using	the	metrics	identified	in	Chapter	2	as	particularly	
relevant	for	AQM	studies	at	the	local	scale,	that	is,	attributable	cases,	DALYs,	and	monetized	
impacts.	The	analysis	was	extended	to	include	inequality	metrics	relevant	for	cumulative	impact	
and	environmental	justice	assessments.	The	results	suggested	that	exposure	to	ambient	
pollutants	continues	to	have	a	substantial	health	burden	on	study	area	residents,	and	that	the	
health	burden	is	driven	by	PM2.5	and	O3	exposures	that	arise	primarily	from	regional	sources.	
While	local	point	and	mobile	sources	of	PM2.5,	NO2,	and	SO2	imposed	lower	health	impacts	
compared	to	regional	sources	of	PM2.5	and	O3,	these	sources	contributed	most	to	the	inequality	
of	the	health	burden	experienced	by	socially	disadvantaged	populations	within	the	study	area	
boundaries.	The	inequality	assessment	found	that	point	source	emissions	disproportionately	
impacted	Hispanic/Latino	residents,	and	that	mobile	source	emissions	disproportionately	
impact	low-income	residents.	Further,	the	inequality	results	in	this	chapter	suggest	that	the	
typical	approach	for	including	air	quality	in	cumulative	impact	studies,	i.e.,	using	exposure	
concentrations	as	a	proxy	for	health	burden,	underestimated	the	inequality	at	the	local	scale	
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and	potentially	missed	important	burdens	that	should	be	included	in	a	cumulative	impact	or	
environmental	justice	studies.	
	
Chapter	4,	the	first	of	two	chapters	to	address	Specific	Aim	3,	investigated	alternative	strategies	
to	reduce	emissions	of	SO2	from	point	sources	in	Wayne	County,	Michigan.	Point	source	
emissions	of	SO2	were	identified	in	Chapter	3	as	having	a	disproportionate	impact	on	
disadvantaged	communities	in	the	study	area.	Because	a	portion	of	the	study	area	is	designated	
as	non-attainment	for	the	SO2	National	Ambient	Air	Quality	Standard	(NAAQS),	the	Michigan	
Department	of	Environmental	Quality	(MDEQ)	has	developed	a	State	Implementation	Plan	(SIP)	
to	achieve	compliance	with	the	standard;	this	analysis	is	therefore	timely	and	was	able	to	make	
comparisons	between	MDEQ’s	proposed	strategy	and	alternatives	focused	on	minimizing	
health	impacts.	SO2	continues	to	have	a	substantial	impact	on	the	health	of	the	study	area	
population,	particularly	among	children	and	Hispanic	or	Latino	populations.	Its	impact	is	
especially	important	given	the	high	rates	of	asthma	in	southwest	Detroit	relative	to	the	state	of	
Michigan	(DeGuire	et	al.	2016).	AQM	strategies	that	focus	on	emission	sources	with	the	highest	
health	impacts	per	ton	of	pollutant	emitted	provided	the	greatest	health	benefit	per	ton	of	
pollutant	reduced;	these	strategies	also	reduced	the	inequality	of	attributable	health	risks.	In	
contrast,	strategies	targeting	the	larger	emitters	increased	inequalities	in	attributable	risk	and	
provided	minimal	health	benefits.	This	finding	is	supported	by	national	scale	analyses	of	power	
plants	(Levy	et	al.	2007).	The	results	also	suggested	that	the	strategy	outlined	by	MDEQ’s	SIP	
(MDEQ	2016),	which	targets	several	large	sources,	will	lead	to	only	modest	reductions	in	SO2-
related	health	burdens	and	will	do	little	to	alleviate	disparities	associated	with	SO2	emissions.	
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Chapter	5,	the	second	to	address	Specific	Aim	3,	used	the	quantitative	HIA	framework,	an	
indoor	air	quality	model,	and	a	Monte	Carlo	analysis	to	estimate	the	potential	health	benefits	of	
installing	filters	in	homes	and	schools	to	reduce	exposures	to	PM2.5,	which	was	shown	in	
Chapter	3	to	be	a	primary	driver	of	adverse	health	impacts	in	the	study	area.	The	results	
suggest	installing	more	efficient	filters	in	homes	and	schools	could	improve	asthma-related	
health	outcomes	in	Detroit	children.	Reasonably	efficient	filters	(e.g.,	rated	MERV	8	to	14)	
installed	in	schools	could	reduce	annual	asthma	burdens	8	to	15%	(17	to	30%	during	the	school	
year).	Costs	of	using	these	filters	in	classrooms	are	low	(less	than	$5	per	student	per	school	
year,	or	$16-32	per	student	with	asthma	per	school	year)	compared	to	annual	benefits	($19	to	
$164	per	child	with	asthma	per	school	year).	Filters	installed	in	homes	can	further	reduce	the	
number	of	asthma	symptom-days;	reductions	in	annual	asthma	burdens	during	the	year	are	
estimated	to	range	from	11	to	16%	with	household	costs	from	$151	to	$175	per	house	with	a	
forced	air	system	per	year	and	$494	per	house	per	year	for	stand-alone	filters.	Overall,	the	
average	cost	of	filters	in	homes	($202	to	222	per	child	with	asthma	per	year)	is	similar	to	the	
annual	benefits	($118	to	$182).	Unfortunately,	the	higher	costs	of	filters	in	some	homes,	
particularly	those	without	forced-air	systems,	may	be	prohibitive	for	many	families.	The	analysis	
of	filters	considered	only	asthma-related	health	impacts	on	children	due	to	exposures	to	PM2.5	
from	outdoor	sources.	The	benefits	of	filters	would	be	higher	if	impacts	of	other	pollutants,	
e.g.,	pet	dander	or	pollen,	were	considered,	and	if	impacts	of	PM2.5	on	adult	health	were	
included,	e.g.,	mortality	or	hospitalizations	for	cardiopulmonary	diseases.		
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Tradeoffs	of	selected	control	strategies	for	Detroit	and	surrounding	cities	
The	strategies	to	reduce	health	impacts	from	ambient	air	pollution	examined	in	this	
dissertation,	point	source	controls	and	filters	in	school	and	homes,	have	tradeoffs	that	should	
be	considered	when	deciding	on	an	appropriate	strategy	for	Detroit	and	the	adjacent	cities	
included	in	this	study.	Point	source	controls	reduce	emissions	at	the	source	and	often	control	
several	pollutants	simultaneously,	e.g.,	“wet	scrubbers”	are	a	type	of	flue	gas	desulfurization	
system	that	can	remove	SO2	and	PM2.5	from	waste	streams	(Schnelle	and	Brown	2001).	Lower	
emissions	of	certain	pollutants	can	also	reduce	other	pollutants,	e.g.,	reducing	SO2	emissions	
reduces	secondary	formation	of	PM2.5	(e.g.,	sulfate	particles).	Point	source	controls	may	benefit	
many	people	at	once,	and	controls	do	not	require	individuals	to	modify	their	behaviors,	which	
has	had	limited	success	as	an	AQM	strategy	(NRC	2004).	Importantly,	the	cost	of	point	source	
controls	fall	on	the	polluter,	not	the	exposed	population.	Despite	these	advantages	and	the	
potential	public	health	benefits,	point	source	controls	have	limitations	for	the	study	area.	First,	
the	point	source	controls	examined	in	Chapter	4	do	not	address	the	regional	component	of	
ambient	pollutant	concentrations,	which	was	shown	in	Chapter	3	to	be	responsible	for	much	of	
the	health	burden	in	the	area.	Second,	for	many	facilities,	e.g.,	the	electricity	generating	
stations	owned	by	DTE	Energy,	control	costs	are	likely	to	be	passed	to	consumers	through	rate	
hikes.	Third,	many	facilities	in	the	area	are	“grandfathered,”	are	not	required	to	install	addition	
controls,	and	will	resist	doing	so.	The	SO2	SIP	development	process	demonstrates	the	difficulty	
of	imposing	additional	controls	on	older	facilities,	e.g.,	none	of	the	facilities	that	burn	coal	(the	
major	source	of	SO2)	in	the	area	will	be	required	to	install	SO2	scrubbers	even	when	the	area	is	
in	non-attainment	of	the	standard	(MDEQ	2016).	Existing	facilities	would	require	major	
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modifications	to	add	scrubbers	and	other	controls	(US	EPA	2014a),	but	such	modifications	are	
unlikely	given	the	age	of	many	of	the	facilities.	Fourth,	the	marginal	benefits	of	upgraded	
controls	may	be	limited	as	many	facilities	already	use	control	technologies,	e.g.,	baghouses	to	
control	PM2.5,	or	employ	tall	stacks	to	aid	dispersion.	Finally,	a	regulation-averse	environment	
makes	the	likelihood	of	going	beyond	legal	requirements	rather	limited.		
	
The	second	strategy	examined,	the	use	of	filters	in	schools	and	homes,	also	involves	important	
tradeoffs.	Increasing	filter	use	and	using	more	efficient	filters	have	several	advantages.	Filters	
address	exposures	in	indoor	environments	where	people	spend	most	of	their	time	(Klepeis	et	
al.	2001)	and	can	be	particularly	effective	for	reducing	exposures	in	spaces	where	people	
congregate,	e.g.,	schools	and	workplaces	(Chapter	5).	Filters	address	PM2.5	exposures	regardless	
of	source,	which	is	important	given	the	large	contribution	of	regional	transport	to	local	PM2.5	
concentrations	in	Detroit	(Milando	et	al.	2016).	Similarly,	they	can	remove	multiple	indoor	
pollutants	at	once,	and	thus	may	confer	additional	health	benefits	beyond	those	quantified	in	
this	dissertation,	e.g.,	reduced	respiratory	infections	as	a	result	of	removing	respiratory	viruses	
in	homes	(Brown	et	al.	2014).	However,	there	are	drawbacks	to	depending	on	filters	as	an	
intervention.	First,	their	cost	is,	in	most	cases,	the	responsibility	of	the	building	occupant,	and	
although	filters	may	have	low	marginal	operating	costs,	users	may	perceive	the	cost	to	be	too	
high,	especially	for	stand-alone	filters	(Batterman	et	al.	2013).	Second,	their	effectiveness	
depends	on	their	use	(or	duty	cycle),	which	can	be	low	for	some	users	(Batterman	et	al.	2013),	
and	on	the	“tightness”	of	the	building	envelope	and	ventilation	conditions,	e.g.,	opened	
windows	(e.g.,	to	cool	the	house)	will	reduce	filter	effectiveness	(Du	et	al.	2011).	Third,	filters	
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require	regular	maintenance,	i.e.,	quarterly	replacement.	Overall,	filters	can	be	an	effective	
intervention	for	residents	living	in	the	study	area,	but	successful	implementation	should	include	
educational	information	on	best	practices	for	building	managers	and	residents,	e.g.,	keeping	
windows	closed	and	regularly	changing	out	filters,	as	well	as	an	understanding	that	the	cost	of	
filters	is	low	compared	to	avoided	health	care	costs.	Education	and	outreach	efforts	should	also	
include	information	on	weatherization	programs,	which	can	improve	building	tightness	and	
increase	filter	efficiencies.		
	
Using	HIA	and	inequality	metrics	to	guide	local	decision-making	
A	primary	goal	of	this	dissertation	was	to	demonstrate	how	quantitative	health	impact	and	
inequality	metrics	can	generate	information	relevant	to	decision	makers.	Although	the	
application	focused	primarily	on	Detroit	and	the	adjacent	“downriver”	communities	with	high	
potential	for	health	impacts	and	thus	results	may	be	area-specific,	the	methods	developed	in	
this	dissertation	could	be	applied	in	other	urban	settings	to	generate	important	data	for	
decision-making,	specifically,	helping	to	transition	AQM	strategies	from	being	NAAQS	
compliance-oriented	to	being	both	more	protective	of	public	health	and	more	equitable.		
	
This	dissertation	has	demonstrated	the	value	of	using	finely-resolved,	place-based	HIA	methods	
tailored	to	a	specific	decision-making	context,	including	the	scope	of	the	decision.	Chapters	3	
and	5	restricted	the	scope	of	the	analysis	to	the	municipal	boundaries	of	the	included	cities	in	
order	to	align	the	analysis	with	the	authority	of	local	decision	makers	and	to	help	identify	
priority	areas	for	public	health	action.	Analyses	in	Chapter	3	identified	specific	sections	of	the	
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city,	e.g.,	southwest	Detroit,	and	population	subgroups,	e.g.,	Hispanic/Latino	and	low-income	
residents,	that	are	disproportionately	impacted.	In	contrast,	Chapter	4	expanded	the	scope	of	
the	non-attainment	area	(MDEQ	2016)	to	ensure	that	the	health	impacts	of	SO2	(identified	in	
Chapter	3)	were	captured	in	the	analysis	of	alternatives.	Sensitivity	results	in	these	two	
chapters	emphasize	that	study	boundaries	should	be	chosen	deliberately	and	with	regard	to	the	
decision-making	context;	potential	uncertainties	arising	from	the	selection	of	study	boundaries	
need	to	be	clearly	communicated	to	decision-makers	(Mesa-Frias	et	al.	2013).	
	
The	boundaries	of	the	study	area	affect	the	interpretation	of	the	inequality	assessment,	
especially	for	the	concentration	index	(CI),	which	compares	health	burdens	across	census	blocks	
ranked	by	their	degree	of	social	advantage.	In	this	application,	we	are	comparing	health	
burdens	across	census	blocks	within	the	study	area,	the	boundary	of	which	was	selected	to	
facilitate	a	finely	resolved	analysis	at	the	intra-urban	scale	(Chapter	3).	The	study	area	
(including	Detroit	and	the	surrounding	cities)	is	predominantly	minority	(75.6%	are	persons	of	
color)	and	36.8%	of	residents	live	below	the	poverty	level.	This	differs	from	the	tri-county	
Detroit	Metropolitan	area,	where	50,	26,	and	18%	of	residents	in	Wayne	County	(including	the	
study	area),	Oakland	County,	and	Macomb	County	are	persons	of	color	and	25,	10,	and	13%	of	
residents	live	below	the	poverty	line,	respectively	(US	Census	Bureau,	2014).	In	this	application,	
with	a	narrowly	defined	study	boundary,	the	inequality	metrics	are	useful	for	identifying	the	
most	heavily	impacted	groups	in	the	study	area	and	determining	if	these	heavily	impacted	
populations	are	“environmental	justice”	communities,	but	they	are	not	useful	for	comparing	
socially	advantaged	and	disadvantaged	communities.	Such	an	analysis	would	require	a	much	
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broader	study	area	(e.g.,	Sadd	et	al.	2011;	Schulz	et	al.	2016;	Su	et	al.	2009,	2013)	that	is	
beyond	the	scope	of	the	present	work.	Caution	should	be	used	when	interpreting	the	results	of	
the	inequality	assessments	to	avoid	the	perception	that	some	groups	with	known	health	
disparities	do	not	face	environmental	justice	issues.	
	
Highly	resolved	estimates	of	health	burdens	and	disproportionate	impacts	can	help	to	prioritize	
public	health	actions	aimed	at	reducing	air	pollutant	exposures.	For	example,	the	results	of	
Chapter	3	indicated	mobile	sources	contributed	to	disproportionate	health	burdens,	
particularly	among	the	areas	of	the	city	with	the	highest	degrees	of	poverty.	This	finding	could	
be	used	to	prioritize	low-income	areas	for	programs	to	expand	tree	canopy	cover	and	
vegetative	buffers.	Similarly,	Chapter	5	demonstrated	the	benefits	of	using	filters	to	reduce	
indoor	exposures	to	PM2.5	from	outdoor	sources.	Benefits	are	potentially	large	for	schools,	and	
likely	highest	when	using	filters	in	near-road	schools.	Such	information	would	be	useful	to	
parent	or	school	groups	focused	on	improving	environmental	conditions	within	schools.	
Targeting	highly	impacted	areas	first,	e.g.,	low-income	neighborhoods	or	schools	near	major	
roads,	when	designing	public	health	strategies	increases	the	likelihood	of	positive	outcomes	for	
residents	and	can	generate	key	evidence	to	support	public	health	decision	making	(Brownson	et	
al.	2009).		
	
Decision	makers	may	use	the	health	and	inequality	data	generated	by	HIAs	to	prioritize	AQM	
strategies.	Ideally,	public	health	interventions	would	be	implemented	so	that	the	entire	
population	benefits	and	health	disparities	are	eliminated.	More	realistically,	tradeoffs	between	
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alternatives	will	need	to	be	made	because	of	limitations	in	resources	and	in	the	available	legal	
and	regulatory	instruments.	Decision-makers	may	prioritize	strategies	that	produce	the	largest	
number	of	health	benefits	overall,	i.e.,	focusing	on	efficiency	or	utility,	or	they	could	prioritize	
strategies	that	provide	the	greatest	benefits	to	those	who	are	worst-off,	i.e.,	focusing	on	equity	
or	environmental	justice	(Adger	et	al.	2003).	Other	policy	considerations,	e.g.,	economic	or	
political	constraints,	are	also	important.	Quantitative	methods	that	include	health	and	
inequality	metrics	can	be	used	to	elevate	public	health	concerns	to	receive	the	same	level	of	
attention	as	other	decision-making	criteria.	As	an	example,	Chapter	4	compares	the	MDEQ	SIP	
strategy	to	an	alternative	that	meets	health	benefit	goals.	US	EPA	guidance	requires	that	the	
SIP	strategy	be	designed	to	ensure	concentrations	in	the	non-attainment	area	will	not	exceed	
the	NAAQS	(US	EPA	2005).	This	approach	assumes	that	meeting	the	NAAQS	is	sufficient	to	
protect	public	health.	As	discussed	in	Chapter	1,	meeting	the	NAAQS	may	not	be	sufficient	to	
fully	protect	public	health	for	a	number	of	reasons,	including	the	vulnerability	of	exposed	
populations.	Using	a	concentration	criterion	when	developing	the	SIP	favors	strategies	that	
reduce	emissions	at	the	largest	sources	in	the	area,	which	typically	have	tall	stacks	to	increase	
dispersion	of	emissions	(MDEQ	2016).	The	HIA	methods	used	in	Chapter	4	reveal	that	for	
Detroit,	it	is	the	smaller	sources	with	shorter	stacks	located	closer	to	residential	areas	that	have	
the	greatest	impacts	per	ton	emitted;	reducing	emissions	at	these	smaller	facilities	first	can	
have	greater	health	benefits	while	still	meeting	the	NAAQS	attainment	criterion	used	by	US	
EPA.	Increased	costs	of	emissions	controls	at	smaller	facilities	may	be	offset	by	the	greater	
gains	in	public	health.	Such	comparisons	could	not	be	made	without	the	quantitative	HIA	
methods	used	in	Chapter	4.	While	a	comprehensive	analysis	of	preferred	approaches	for	
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prioritizing	AQM	strategies	using	health	and	inequality	data	is	beyond	the	present	scope,	this	
work	makes	clear	that	the	methods	for	quantifying	health	and	inequality	impacts	allow	decision	
makers	to	consider	tradeoffs	between	health	and	equity	and	other	decision	criteria	when	
evaluating	alternatives.	
	
Using	HIA	and	inequality	metrics	to	improve	AQM	policy	at	the	state	or	national	level	
The	results	of	this	dissertation	(and	similar	analyses	carried	out	in	other	urban	areas)	could	also	
be	used	to	support	policy	changes	at	the	state	and	national	levels	to	advance	environmental	
justice	(EJ)	goals.	In	the	EJ	2020	Action	Plan,	US	EPA	emphasized	its	commitment	to	the	fair	
treatment	for	all	groups	under	environmental	laws,	and	explained	that	fair	treatment	refers	to	
“not	only	consideration	of	how	burdens	are	distributed	across	all	populations,	but	the	
distribution	of	benefits	as	well”	(US	EPA	2016a	p.	55).	US	EPA	recently	released	a	technical	
guidance	document	for	including	EJ	in	regulatory	actions	that	called	for	quantitative	
assessments	to	complement	other	US	EPA	assessments	in	the	regulatory	process	(US	EPA	
2016c).	As	suggested	in	Chapter	4,	the	current	process	for	designing	and	implementing	SIPs	that	
focuses	on	attaining	NAAQS	compliance	in	a	sparse	network	of	air	quality	monitors	may	be	
insufficient	to	meet	US	EPA’s	goal	of	fair	treatment	for	all	groups,	and	that	although	all	groups	
experience	a	decrease	in	attributable	health	burden	under	the	SIP	strategy,	inequalities	in	
health	burdens	remain	(Table	4.8).	Such	inequities	are	only	evident	when	health	and	inequality	
metrics	are	included	in	the	assessment	of	alternatives.		
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Currently,	there	is	no	regulatory	framework	for	including	health	or	inequality	metrics	when	
designing	AQM	strategies	for	NAAQS	attainment;	US	EPA	guidance	only	requires	states	
demonstrate	that	the	strategy	will	reduce	ambient	concentrations	to	meet	the	standard	using	
air	quality	models	(US	EPA	2005).	However,	MDEQ	staff	have	expressed	interest	in	building	
cross-agency	capacity	to	conduct	health	impact	and	inequality	assessments.	Much	of	the	data	
needed	to	conduct	the	analyses	in	Chapter	4	are	already	available	to	state	environmental	
agencies,	e.g.,	air	quality	data,	dispersion	models,	and	quantitative	HIA	tools	such	as	BenMAP.	
Requiring	their	use	as	part	of	the	regulatory	process	would	increase	the	analytical	burden	on	
state	agencies,	but	the	potential	gains	for	public	health	and	EJ	could	be	large.		
	
Another	area	where	HIAs	could	affect	policy	change	is	the	issuance	of	air	permits	and	the	
determination	of	penalties	for	permit	violations.	Rule	203	of	the	Michigan	Air	Pollution	Control	
Rules	requires	that	permit	applicants	demonstrate	their	emissions	will	not	have	an	
“unacceptable	air	quality	impact	in	relation	to	all	federal,	state,	and	local	air	quality	standards,”	
but	does	not	require	consideration	of	health	or	cumulative	impacts	(Michigan	Administrative	
Code	R	336.1201	-	336.1299).	Likewise,	the	rules	for	setting	penalties	for	permit	violations	do	
not	consider	health	impacts.	As	an	example,	in	a	recent	response	to	comments	on	a	consent	
order	issued	in	early	2017	for	violations	at	the	Detroit	incinerator,	MDEQ	acknowledged	the	
cumulative	health	impacts	experienced	by	residents	living	near	the	incinerator,	but	stated	that	
health	impacts	resulting	from	emissions	violations	at	the	incinerator	are	not	expected	because	
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health-protective	NAAQS	are	not	exceeded	(MDEQ	2017).2	However,	the	results	from	Chapter	3	
suggest	health	impacts	for	nearby	residents	can	occur	at	concentrations	below	the	NAAQS,	
especially	among	vulnerable	populations.	US	EPA’s	penalty	guidance,	last	updated	in	1991,	does	
not	take	in	to	account	attributable	health	impacts	when	determining	penalties	for	permit	
violations,	nor	does	it	consider	EJ	concerns	(US	EPA	1991).	Including	such	considerations	
through	new	or	revised	rules	could	lead	to	denied	permits	for	some	industrial	facilities	near	
residential	areas	or	higher	penalties	that	may	serve	as	stronger	deterrents	to	permit	violations,	
but	would	require	evidence	on	how	emissions	from	specific	local	sources	affect	public	health	
and	contribute	to	cumulative	impacts.	Such	data	are	not	currently	available	for	most	urban	
areas.	
	
Although	the	results	of	this	dissertation	demonstrate	the	value	of	quantitative	health	and	
inequality	metrics	when	selecting	strategies	to	meet	standards	or	reduce	exposures,	their	role	
in	rulemaking	remains	unclear.	US	EPA’s	EJ	2020	Action	Agenda	identifies	institutionalizing	EJ	in	
rulemaking	as	an	agency	priority,	and	emphasizes	that	EJ	should	be	“appropriately	analyzed,	
considered	and	addressed	in	EPA	rules	with	potential	environmental	justice	concerns”	(US	EPA	
2016a	p.	13).	The	Technical	Guidance	document	states	a	preference	for	quantitative	metrics	for	
EJ	analyses	(US	EPA	2016c).	The	quantitative	metrics	used	in	this	work,	e.g.,	disability-adjusted	
life	years,	the	Atkinson	Index,	and	the	Concentration	Index,	could	be	used	to	support	US	EPA’s	
																																																						
2	The	comment	that	fostered	this	response	from	MDEQ	cited	an	analysis	included	in	the	CAPHE	Resource	Manual	
that	was	performed	using	the	methods	described	in	Chapters	3	and	4	of	this	dissertation.	Impacts	attributable	to	
PM2.5,	SO2	and	NO2	emissions	from	the	largest	point	sources	in	the	area	were	estimated,	including	the	incinerator	
operated	by	Detroit	Renewable	Power.	The	CAPHE	Public	Health	Action	Plan	Resource	Manual	is	available	online:	
http://caphedetroit.sph.umich.edu/resource-manual-cover-page-with-full-manual/		
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goal.	However,	there	are	some	challenges	to	using	these	metrics	when	setting	standards	at	the	
national	level.	First,	health	impact	metrics,	e.g.,	attributable	cases	and	monetized	impacts,	are	
already	included	in	Risk	and	Exposure	Assessments	(REAs)	done	as	part	of	the	rulemaking	
process.	However,	REAs,	which	are	not	required,	only	quantify	exposures	and	impacts	for	
current	air	quality	and	changes	in	air	quality	require	to	meet	(but	not	exceed)	the	proposed	
standard	(Sacks	et	al.	2015),	do	not	include	cumulative	impacts	from	other	environmental	and	
social	stressors,	and	are	typically	done	at	very	coarse	spatial	resolution,	e.g.,	county	level,	due	
to	data	limitations	and	computational	burdens	(e.g.,	US	EPA	2012,	2014b,	2016b).	Such	
assessments	smooth	gradients	in	vulnerability	that	affect	impact	estimates.	Second,	as	
demonstrated	by	sensitivity	analyses	in	Chapter	3,	the	interpretation	of	inequality	metrics	
depends	on	its	spatial	scale.	National	or	regional	analyses	of	inequality	in	exposures	or	impacts	
may	draw	very	different	conclusions	than	local-scale	analyses.	Third,	as	discussed	in	Chapter	3,	
there	are	no	clear	standards	or	thresholds	for	inequality	metrics,	and	small	differences	between	
groups	or	alternatives	may	not	be	meaningful.	More	work	is	needed	to	understand	how	the	
metrics	used	in	this	dissertation	could	facilitate	EJ	analyses	when	setting	NAAQS	or	other	
national	rules.		
	
Limitations	and	challenges	to	using	HIA	at	the	local	scale	
Although	this	dissertation	has	demonstrated	the	usefulness	of	quantitative	HIA	methods	to	
support	local	decision-making,	there	are	important	barriers	to	implementation	of	such	practices	
that	should	be	addressed.	There	are	important	questions	regarding	who	should	be	in	charge	of	
the	HIA	for	a	specific	environmental	decision.	HIAs	initiated	by	community	groups	can	readily	
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incorporate	local	knowledge	and	experiences	(Corburn	2003),	but	may	lack	the	technical	rigor	
expected	by	decision	makers	(Harris	et	al.	2014).	One	way	to	increase	community	capacity	and	
the	relevance	of	community-led	HIAs	is	to	offer	technical	assistance	to	community	groups	
(Freudenberg	et	al.	2011).	On	the	other	hand,	HIAs	initiated	by	agencies	or	consultants	may	rely	
too	heavily	on	quantitative	analyses,	be	overly	focused	on	single	pollutants	and	negative	health	
impacts,	and	fail	to	properly	engage	stakeholders	in	the	process	(Carmichael	et	al.	2012;	
O’Connell	and	Hurley	2009).	For	HIAs	to	be	successful	in	influencing	decisions	at	the	local	level,	
there	needs	to	be	institutional	support	for	their	use	(Ahmad	et	al.	2008).	Institutions	should	
establish	shared	definitions	of	health	and	health	impacts,	and	should	work	to	include	HIAs	in	
the	early	stages	of	the	decision-making	process	when	changes	to	proposals	are	feasible	
(Carmichael	et	al.	2012;	Harris	et	al.	2014).	Cross-agency	collaborations	and	partnerships	with	
community-based	organizations	will	be	important	for	developing	appropriate	frameworks	for	
using	HIAs	at	the	local	level.	Comprehensive	HIAs	that	use	quantitative	and	qualitative	methods	
are	time	and	resource	intensive,	and	addressing	these	barriers	at	the	local	scale	is	important	to	
making	sure	that	efforts	are	not	wasted.	
	
This	dissertation	has	incorporated	local	data	when	available	into	the	quantitative	HIA	methods,	
but	there	are	still	some	key	data	gaps	that	can	be	addressed.	At	the	local	(i.e.,	intra-urban)	
scale,	quantitative	HIAs	are	often	limited	by	a	lack	of	optimal	datasets	(Hubbell	et	al.	2009).	For	
the	study	area	used	in	this	dissertation,	spatially-resolved	baseline	rates	for	some	health	
outcomes	were	not	available,	e.g.,	asthma	symptom	days	or	school	absences,	because	these	
data	are	not	routinely	collected	as	part	of	public	health	surveillance	programs.	Local	scale	HIAs	
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would	benefit	from	comprehensive	and	spatially-resolved	exposure	data	addressing	multiple	
environmental	hazards,	e.g.,	criteria	pollutants,	air	toxics,	water	contaminants,	noise,	and	social	
stressors,	e.g.,	lack	of	access	to	health	care	or	nutritious	food.	This	dissertation	focused	on	
criteria	pollutants	and	examined	some	dimensions	of	susceptibility	and	vulnerability,	but	other	
environmental	and	social	hazards	can	contribute	to	health	burdens	and	contribute	to	health	
disparities.	Census	data	captures	some	of	the	social	hazards,	e.g.,	vulnerability	due	to	poverty,	
but	other	neighborhood	characteristics	should	be	explored.	Developing	the	types	of	
comprehensive	datasets	necessary	for	local-scale	HIAs	will	require	cooperative	efforts	across	
agencies,	universities,	and	non-governmental	organizations.	As	HIAs	gain	traction	as	local	
decision	support	tools,	mechanisms	for	funding	the	types	of	data	collection	and	collaboration	
needed	should	be	identified.		
	
HIAs	are	often	conducted	with	the	intent	of	informing	decision-makers	about	alternatives	for	
policies	or	programs	(Harris-Roxas	and	Harris	2011).	In	this	capacity,	HIA	results	will	be	
communicated	to	stakeholders	without	technical	expertise	in	environmental	science,	
mathematical	modeling,	or	public	health.	Stakeholders,	and	in	particular	policy	makers,	need	
information	that	is	readily	absorbed,	and	decision-makers	have	little	time	to	devote	to	reading	
long	reports	on	health	impacts	(Sanderson	et	al.	2006).	Thus,	strategies	for	communicating	
results	to	a	wide	range	of	audiences	are	needed.	
	
As	detailed	elsewhere	in	this	dissertation,	HIA	results	are	inherently	uncertain,	and	this	
uncertainty	needs	to	be	communicated	to	decision-makers.	Decision	makers	appreciate	and	
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can	reasonably	interpret	quantitative	expressions	of	uncertainty,	and	including	uncertainty	in	
the	results	respects	the	need	of	decision	makers	to	act	with	a	degree	of	uncertainty	(Fischhoff	
and	Davis	2014).	Additional	sources	of	uncertainty	that	cannot	be	quantified	also	should	be	
communicated	to	decision-makers.	HIA	practitioners	should	communicate	to	decision-makers	
how	assumptions	in	the	methodology	may	affect	results,	e.g.,	using	national	or	state-level	
outcome	rates	for	local-level	HIAs	has	implications	for	interpreting	the	results	that	need	to	be	
addressed	(Hubbell	et	al.	2009).	Practitioners	also	need	to	communicate	the	framing	
assumptions,	e.g.,	which	exposures	were	excluded	or	how	study	boundaries	and	resolution	
were	determined,	and	how	this	limits	interpretation	(Briggs	et	al.	2009).	Successful	strategies	
for	communicating	uncertain	HIA	results	in	a	way	that	elevates	health	to	the	status	of	other	
important	decision	criteria	(e.g.,	cost),	need	to	be	identified,	especially	in	a	contentious	
economic	and	political	climate.	
	
Future	work	
This	dissertation	focused	on	HIA	methods	applied	at	the	intra-urban	scale.	The	results	are	
limited	to	a	single	year	and	include	only	quantitative	estimates	of	impacts	from	four	criteria	
pollutants.	Some	potential	directions	for	future	work	are	discussed	below.	
	
First,	longitudinal	studies	of	the	health	burden	for	the	city	of	Detroit	(and	other	urban	areas)	
are	needed.	Regular	assessments	of	the	burden	of	disease	attributable	to	environmental	and	
other	factors	will	allow	for	the	detection	of	important	trends	over	time	and	assess	whether	any	
efforts	to	reduce	burdens	and	inequality	are	working.	To	this	end,	frequently	updated	HIA	
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databases	are	needed.	Improvements	in	exposure	assessment	and	epidemiological	techniques	
are	starting	to	reveal	health	effects	below	current	standards	(Di	et	al.	2017;	Schwartz	et	al.	
2017;	Shi	et	al.	2016),	and	concentration-response	functions	should	be	reviewed	periodically	to	
ensure	the	most	relevant	values	are	used.	Similarly,	new	health	outcomes	should	be	added	to	
the	assessment	as	evidence	of	causality	is	strengthened	to	fully	capture	the	attributable	
burden.	Other	elements	of	the	analysis	that	should	be	updated	frequently	include	populations,	
baseline	health	rates,	and	indicators	of	vulnerability.	Future	assessments	should	also	address	
some	of	the	limitations	of	this	work,	including	the	lack	of	population	and	baseline	risk	
projections	for	outcomes	with	long	latency	periods,	e.g.,	mortality	due	to	PM2.5	exposures	
(Flachs	et	al.	2013),	and	the	omission	of	time-activity	patterns	that	influence	exposures	and	
health	impacts	(Tchepel	and	Dias	2011).	As	MDEQ	expands	the	monitoring	network	near	
Detroit	to	include	a	monitor	in	the	48217	ZIP	code3	and	three	monitors	near	the	new	Gordie	
Howe	International	Bridge	project,4	new	data	should	be	incorporated	into	the	exposure	
assessment	methods.	In	other	urban	areas	that	have	denser	monitoring	networks	and	perhaps	
greater	homogeneity	of	emissions,	geospatial	techniques	such	as	kriging	might	be	utilized	to	
make	better	use	of	monitoring	data.		
	
Second,	additional	studies	are	necessary	to	confirm	the	benefits	of	point	source	controls	and	
increased	use	of	filters	estimated	in	Chapters	4	and	5.	The	analyses	in	Chapters	4	and	5	use	
models	to	estimate	the	benefits	of	reduced	emissions	or	exposures	to	criteria	pollutants	that	
																																																						
3	DEQ	to	Conduct	Air	Monitoring	in	Detroit	Neighborhood.	Press	Release.	August	15,	2016.	Available:	
http://www.michigan.gov/deq/0,4561,7-135-3308-391433--,00.html	
4	MSHDA	awards	grant	to	MDEQ	for	air	quality	monitoring	in	Detroit	neighborhoods.	Press	Release.	June	7,	2017.		
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involve	many	assumptions.	Future	work	should	examine	the	effectiveness	of	emissions	controls	
or	filters	of	reducing	exposure	and	health	impacts.	Such	work	may	be	more	feasible	for	filters	
than	point	source	controls,	e.g.,	prior	work	in	Detroit	has	focused	on	filters	as	an	intervention	
to	reduce	PM2.5	exposures	in	homes	of	children	with	asthma	(Batterman	et	al.	2012),	but	
studies	of	point	source	controls	could	take	advantage	of	SIP	implementation	or	other	“natural”	
experiments.	Future	studies	of	air	quality	management	strategies	should	focus	on	pre-	and	
post-intervention	data	collection	at	the	finest	spatial	resolution	feasible,	including	ambient	
concentration,	personal	exposures,	and	the	incidence	of	asthma-related	health	outcomes.	
Future	studies	should	also	work	to	identify	co-benefits	of	interventions,	e.g.,	additional	health	
benefits	from	reduced	secondary	PM2.5	resulting	from	lower	SO2	emissions	or	reductions	in	
other	indoor	pollutants	from	increased	use	of	filters.		
	
Third,	more	work	is	needed	on	the	usefulness	of	quantitative	HIA	methods	for	EJ	and	
cumulative	impact	studies.	Chapter	3	demonstrated	that	concentrations	are	a	poor	proxy	for	
health	burdens	at	the	intra-urban	level	and	that	inequality	metrics	were	higher	for	health	
burdens	than	concentrations.	However,	the	analysis	did	not	consider	other	environmental	and	
social	stressors	that	contribute	to	cumulative	impacts,	and	it	remains	unclear	how	using	health	
burdens	in	a	cumulative	impacts	study	would	affect	interpretation	of	the	overall	cumulative	
impact	assessment	results.	Future	work	should	investigate	the	usefulness	of	health	impact	
assessments	in	cumulative	impact	studies	at	various	spatial	scales	(e.g.,	intra-urban,	regional,	or	
state-wide).		
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Fourth,	it	will	be	important	to	assess	if	and	how	results	of	quantitative	impact	assessments	
influence	public	policy	around	air	quality	in	Detroit,	MI.	Within	the	policy	context,	decision	
makers	have	to	decide	how	to	protect	and	promote	public	health	and	reduce	inequalities	using	
the	evidence	available	to	them	(Tannahill	and	Douglas	2014).	Evidence	regarding	the	ability	of	
HIAs	to	influence	decision	makers	is	mixed	(Bourcier	et	al.	2015;	Dannenberg	2016).	Chapter	2	
discusses	how	health	impact	metrics	might	influence	decision	makers,	and	it	will	be	important	
to	determine	if	presenting	these	metrics	encourages	decision	makers	to	consider	health	with	
the	same	weight	as	other	important	policy	drivers,	e.g.,	economic	impacts.	Differences	in	
perceptions	of	“levels”	and	use	of	evidence	may	be	important	in	determining	the	impact	of	HIA	
results	in	for	decision	making	because	policy	makers	tend	to	look	for	evidence	to	support	their	
agendas	(Choi	et	al.	2005).	Future	work	should	determine	whether	HIA	results	can	influence	
decision-makers	who	have	not	been	primarily	concerned	with	health	outcomes.		
	
Finally,	future	work	should	identify	strategies	for	incorporating	qualitative	assessments	of	
health	impacts	in	AQM	HIAs.	Most	AQM	HIAs	focus	on	the	quantitative	impacts	of	pollutant	
exposures,	in	large	part	because	tools	for	automating	quantitative	assessments	are	available	
(Anenberg	et	al.	2015;	reviewed	in	Chapters	2	and	3).	As	discussed	in	Chapter	3,	there	are	
important	health	effects	from	sources	of	air	pollution	that	cannot	be	reliably	quantified,	e.g.,	
mental	health	impacts	of	living	near	industrial	sources	or	exposure	to	noise	from	busy	roadways	
(Basner	et	al.	2014;	Bluhm	et	al.	2007;	Downey	and	Willigen	2005).	This	is	particularly	important	
at	the	local	scale	where	decisions	are	made	about	specific	projects	or	policies,	e.g.,	building	a	
new	bridge	or	expanding	a	highway,	that	directly	impact	communities.	Information	about	
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community	perceptions	of	risk,	health	effects,	and	inequality	is	also	important	for	
environmental	decision	making	(Wright	et	al.	2005).	Future	work	should	focus	on	developing	a	
framework	for	including	both	quantitative	and	qualitative	HIA	results	in	AQM	decision-making	
processes,	as	well	as	increasing	the	capacity	for	communities	to	participate.	All	of	this	will	help	
to	ensure	that	health	data	are	appropriately	considered,	particularly	at	the	local	level	
(Chadderton	et	al.	2013;	Freudenberg	et	al.	2011;	Harris	et	al.	2014)		
	
Overall	conclusions	
This	dissertation	demonstrated	the	value	of	quantitative	health	impact	assessment	methods	for	
AQM	at	the	urban	scale.	Health	and	inequality	metrics,	when	tailored	to	the	local	setting,	can	
provide	useful	information	on	the	health	burden	and	inequalities	associated	with	ambient	air	
pollutant	exposures.	This	information	can	be	translated	into	public	health	policies	and	
interventions	aimed	at	reducing	these	health	burdens	in	a	more	equitable	way.		
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